We investigate theoretically the field-free orientation of CO molecules induced by a single-cycle THz laser pulse train. It is shown that the molecular orientation can be obviously enhanced by applying the pulse train. The laser intensity and pulse number have some effects on the molecular orientation. The high degree of fieldfree molecular orientation | cosθ | max = 0.9246 is obtained at temperature T = 0 K. The variations of the maximum orientation degree with the experimentally available pulse number and peak intensity are given. Temperature T has a considerable influence on the field-free molecular orientation. The maximal field-free molecular orientation at T = 0, 10, 20 and 30 K for N = 14 and E 0 = 1.8 MV/cm are | cosθ | max = 0.9188, 0.7338, 0.6055 and 0.5154 in order, and the corresponding effective duration times of molecular orientation are ∆t = 0.759, 0.432, 0.297 and 0.117 ps. 34.50.Rk, 82.20.Bc, 82.50.Nd, 82.30.Nr 
Introduction
Molecular alignment and orientation have drawn substantial attention of both physicists and chemists in the past few decades due to their extensive applications in relevant research fields [1, 2] , such as high-order harmonic generation [3] [4] [5] [6] , chemical reaction dynamics [7] [8] [9] [10] [11] , strong-field ionization [12] , ultrafast molecular imaging [13] [14] [15] and attosecond science [16] . Alignment implies that the symmetry axis of molecule is localized along a laboratory-fixed axis (the polarization direction of the laser field), and orientation additionally requires the aligned molecules point along a particular direction. The molecular alignment has been realized experimentally [17] [18] [19] [20] [21] . However, the realization of molecular orientation is still a challenging issue.
Several ways have been proposed to manipulate molecular orientation. Originally, a strong dc-field, such as a hexapole field [22] or brute forced field [23] , based on its interaction with the permanent dipole moment, was employed to achieve molecular orientation. However, this way can only obtain relatively low orientation degree, and strong dc-field often induces the stark effects influencing the experimental measurement. Alternatively, Friedrich et al. proposed a scheme for enhancing the molecular orientation by an intense laser field combined with a weak dc-field. The effectiveness of this scheme depends on the combined effects of the permanent dipole interaction and the anisotropic polarizability interaction [24, 25] . The maximal degree of molecular orientation achieved by using this scheme was greatly improved. However, the presence of an electric field may perturb the quantum states of the target molecule and limit applications of the oriented samples [26] . Additionally, an asymmetric laser field, such as a half-cycle pulse (HCP) [27] [28] [29] , a few-cycle THz laser field [30, 31] , a two-color laser field [32] [33] [34] [35] [36] and a multi-color laser field [37] , was employed to steer molecular orientation via their interaction with molecular permanent dipole moment, anisotropic polarizability and hyperpolarizability. These ways can be used to realize effectively field-free molecular orientation. In experiment, however, it is difficult to generate intense HCPs at present. Moreover, the intense two-color or multi-color ultrafast laser fields potentially cause unwanted molecular excitations leading to molecular ionization or dissociation. Resulting from the recent breakthrough in THz technology, the intense single-cycle THz pulses have become available in the laboratory [38] . Kitano et al. obtained theoretically a high degree of field-free orientation of cosθ =0.84 in the HBr molecule by the combination of a femtosecond laser field and a time-delayed single-cycle THz laser pulse [26] . In their scheme, a nonresonant femtosecond laser pulse was used to pre-excite molecules and a time-delayed THz pulse was used to orient molecules. After the nonresonant femtosecond laser pulse is over, the even rotational states are populated and the molecule sample is aligned. The transition frequency becomes resonant with the subsequent THz pulse after pre-excitation, the molecules can be consequently oriented. Fleischer et al. measured the field-free molecular orientation induced by an intense single-cycle THz laser pulse in the OCS gas sample [39] . Theoretically, single-cycle THz pulses was utilized to realize orientation of the HCN molecule [40] .
In the present work, we investigate theoretically the efficient field-free molecular orientation steered by a single-cycle THz laser pulse train. We study the influence of the laser intensity and pulse number on the maximum orientation degree. We find that the nearly equal populations on neighboring rotational states can lead to a large orientation degree. The optimal pulse number in the range of peak intensity of E 0 =[0.1,10.1] MV/cm are given. The influences of temperature on molecular orientation degree and duration time are discussed.
Theoretical calculation methods
In our scheme, a single-cycle THz pulse train is employed to steer field-free orientation of the CO molecule, based on its interaction with molecular permanent dipole moment. Owing to the small permanent dipole moment of the CO molecule and low peak intensity of THz pulse, the permanent dipole interaction is weak. The single-cycle THz pulse induces resonant dipole transition between the even and odd rotational states according to the selection rule of ∆J = ±1 and ∆M = 0. The CO molecule is excited from the J = 0 state to higher J ≥ 2 states continuously by a THz pulse train, in order to guarantee that more rotational states can be populated and a large orientation degree can be obtained. The electric field of single-cycle THz pulse train is expressed as [41] 
where E 0j , t p j , τ j , ω j and φ j are the peak intensity, central time, full width at half maximum (FWHM), central frequency and carrier envelope phase of the jth THz pulse in order. In our calculation, for simplicity, we set E 0j = E 0 , t p j = jt d , τ j = τ, ω j = ω and φ j = φ, where t d is the delay time between two neighboring pulses. Within the rigid rotor approximation, the Hamiltonian of the CO molecule irradiated by the single-cycle THz pulse train is given by [41] Ĥ (t) = B eĴ 2 −µE THz (t)cosθ, (2.4) where the first term is the molecular rotational energy and the second term is the dipole interaction between the single-cycle THz pulse train and molecular permanent dipole moment. B e ,Ĵ and µ are the molecular rotational constant, angular momentum operator and permanent dipole moment in order. θ is the angle between the molecular axis and the polarization direction of the laser field. The degree of molecular orientation is calculated by cosθ = Tr{cosθρ(t)}, (2.5) where Tr denotes a trace andρ(t) is the time-dependent density operator. The time evolution of the density operator can be obtained by solving the quantum Liouville equation,
The density operator can be expanded in the eigenstates of the rigid rotor Hamiltonian as [42] 
where the matrix elements of the density operator ρ J MJ ′ M ′ (t) are determined by coupling differential equations [43] 
is the molecular energy in the |JM state. We solve numerically the above equations by using the fourth-order Runge-Kutta method.
Under the action of linearly polarized THz pulses, the magnetic quantum number of the CO molecule remains unchanged. For simplicity, the magnetic quantum number is taken to be M=0. At temperature T=0 K, the initial state |JM init is the ground rotational state |0,0 . The time-dependent density operator is given bŷ
where C J,M (t) is a complex number. The molecular orientation degree can be written as
At temperature T =0 K, different rotational states are incoherently populated, and the initial density operator satisfies the temperature-dependent Boltzmann distribution:
is the partition function with the Boltzmann constant κ B at temperature T. The molecular orientation degree can be written as
Results and discussions
In our calculation, the rotational constant B e = 1.93 cm −1 and permanent dipole moment µ = 0.112 D of the CO molecule are obtained from Ref. [37] . The parameters of singlecycle THz pulses are taken to be τ = 1.0 ps, ω = 0.5 THz, φ = 1.5 π and t p j = jt d . Here, the delay time between two neighboring THz pulses is optimized to be t d = 8.62 ps. We firstly investigate the molecular orientation dynamics at temperature T = 0 K. According to the Maxwell equation, the electric field must satisfy the condition of E(t)dt = 0 [31] . The time evolution of a single-cycle THz pulse meets this integral condition, as shown in Fig. 1(a) . It can be seen from Fig. 1 (b) that the molecular orientation and alignment can be achieved after the THz pulse is over, and the field-free molecular orientation repeatedly revives at t = nT rot (n = 0,1,2,···), where T rot = h/2B e = 8.64 ps is the rotational period of the CO molecule. The maximum orientation degree and alignment degree induced by a single-cycle THz pulse with E 0 = 1.1 MV/cm are | cosθ | max = 0.0732 and cos 2 θ max = 0.3372 in Fig. 1(b) . When a single-cycle THz pulse train with E 0 =1.1 MV/cm and N=20 is used, we obtain | cosθ | max = 0.8977 and cos 2 θ max = 0.8510. The molecular orientation and alignment steered by a single-cycle THz pulse train are obviously enhanced. The variations of maximum orientation degree with the peak intensity E 0 and pulse number N of the THz pulse train are shown in Fig. 1(d) . When E 0 ≤ 1.2 MV/cm, the maximal molecular orientation degree increases slowly and monotonously with the increase of pulse number. When E 0 > 1.2 MV/cm, the maximum orientation degree firstly increases with the pulse number, then decreases and oscillates. On the other hand, | cosθ | max has a monotonous growth by increasing the peak intensity from E 0 = 0.1 to 10.1 MV/cm for N = 1 and 2. When N ≥ 3, | cosθ | max oscillates with the increase of peak intensity. By changing the peak intensity and pulse number of the THz pulse train, the maximum orientation degree can be lowered or enhanced. We elaborate the variations of | cosθ | max in the following discussion. Firstly, we take E 0 = 0.1, 0.5, 1.1 and 1.2 MV/cm as examples to illustrate the variations of | cosθ | max as a function of the pulse number. As shown in Fig. 2(a) , | cosθ | max linearly increases for E 0 = 0.1 and 0.5 MV/cm from 0.0067 to 0.1323 and from 0.0334 to 0.5879, respectively. When E 0 = 1.1 and 1.2 MV/cm, | cosθ | max increases rapidly by adding pulse number from N = 1 to 16, and increases lightly when N ≥ 17. The time evolution of molecular orientation induced by a single-cycle THz pulse train for N = 5 and E 0 = 0.1 MV/cm is shown in Fig. 2(b) . The maximal field-free molecular orientation degree is enhanced gradually during the action of the THz pulse train. The final maximum orientation degree is 0.0333. When the pulse number increases from N = 5 to 20, a larger maximum orientation degree | cosθ | max = 0.1323 is obtained. It can be seen in Fig. 2(c) that only the rotational states |0,0 and |1,0 are populated for N =1 and E 0 =0.1 MV/cm. Owing to the weak interaction between the electric field and permanent dipole moment, when N=5, 10, 15 and 20, the populations on the rotational states |1,0 and |2,0 are much smaller than that on the |0,0 state. As a result, the corresponding maximum orientation degrees are very small. In Fig. 2(d) , when E 0 = 1.1 MV/cm and N = 1, the populations on the rotational states |0,0 and |1,0 are P 0,0 =0.99997 and P 1,0 =0.3×10 −4 , respectively. The corresponding maximum orientation degree is | cosθ | max =0.0732. When N =5, the highest populated rotational state is |2,0 , and | cosθ | max = 0.3525. When N = 10, 15 and 20, the highest populated rotational states are |4,0 , |6,0 and |7,0 in order. With the increase of pulse number, there are more rotational states being excited. When E 0 = 1.1 MV/cm, the maximum orientation degrees for N =10, 15 and 20 are | cosθ | max =0.6323, 0.8111 and 0.8977, respectively. In short, when the peak intensity lies in the range of E 0 =[0.1,1.2] MV/cm, | cosθ | max increases continuously with the increase of pulse number from N = 1 to 20. The resonant dipole transitions from the J = 0 to J ≥ 2 states are restricted by the selection rule of △J = ±1 and the weak interaction between the laser field and permanent dipole moment when the electric-field intensity varies in the range of E 0 = [0.1,1.2] MV/cm. In this case, only the |0,0 and |1,0 states are populated, and the population on the |0,0 state is much larger than that on the |1,0 state. According to Eq. (2.11), molecular orientation degree is related to energy differences between neighboring rotational states [26] . The maximum orientation degree can be achieved at the instant when |C J+1 (t)| ≈ |C J (t)|. Under the continuous irradiation of a single-cycle THz laser pulse train, some J ≥ 2 states can be excited and populated. When the rotational populations of neighboring states become nearly equal, the maximum orientation degree can be obtained. When the electric-field amplitude of THz laser pulse varies in the range of E 0 = [0.1,1.2] MV/cm, a THz pulse train with N ≤ 20 is an efficient way to enhance orientation degree. We now discuss the variations of | cosθ | max with pulse number when E 0 >1.2 MV/cm. It can be seen from Fig. 3(a) that the maximum orientation degree increases up to its extreme value, then begins to decrease with adding pulse number. There is an optimal pulse number for E 0 >1.2 MV/cm to obtain the strongest molecular orientation. Fig. 3(b) shows the rotational population distributions when N = 18, 19 and 20 and E 0 = 1.3 MV/cm. With increasing pulse number from N = 18 to 20, the populations on the rotational states |0,0 , |1,0 , |2,0 and |3,0 decrease, while the populations on the |4,0 , |5,0 , |6,0 and |7,0 states increase. When N = 18, 19 and 20, the maximum orientation degrees are | cosθ | max = 0.9086, 0.9127 and 0.9123, respectively. Thus the optimal pulse number for E 0 = 1.3 MV/cm is N = 19. Fig. 3(c Since there is no electric field within the time interval between two neighboring pulses (here the time interval is equal to the delay time), the population distribution remains unchanged before the next pulse. Fig. 3(d) shows the final rotational population distributions for different pulse numbers. We can see from Fig. 3(a) that the maximum orientation degree is | cosθ | max =0.9205 for N =12 and | cosθ | max =0.8654 for N =16. As shown in Fig. 3(d) , the neighboring rotational populations are nearly equal when N =12, while the population differences between the J =4 state and J =5 state, J =6 state and J =7 state are very large for N =16. Thus the optimal pulse number is N =12 for E 0 =2.1 MV/cm. This is consistent with the result about the influence of rotational populations on molecular orientation given by Ref. [26] .
When E 0 > 2.1 MV/cm, the variations of | cosθ | max with pulse number are shown in Fig. 4(a) . At E 0 = 10.1 MV/cm, for instance, | cosθ | max oscillates irregularly with the increase of pulse number. The extreme value of orientation degree reaches | cosθ | max = 0.9116 when N = 3. Fig. 4(b) shows the rotational population distributions for different pulse number at E 0 = 10.1 MV/cm. The optimal pulse number for E 0 = 10.1 MV/cm is N = 3.
We also investigate the dependence of molecular orientation on the electric-field amplitude. Fig. 5(a) illustrates the molecular orientation degree versus the peak intensity of THz pulse for N = 1, 2 and 3. The corresponding population distributions are shown in Fig. 5(b-d) . When the peak intensity of THz pulse increases, the dipole interaction strengthens. There are more rotational states being populated with increasing peak intensity, just as seen in Fig. 5(b-c) , leading to a continuous increase of | cosθ | max in Fig. 5(a) for N = 1 and 2. When N = 3, | cosθ | max initially increases from 0.02 to 0.9203 when the peak intensity varies from E 0 = 0.1 to 9.1 MV/cm, then decreases slowly when E 0 > 9.1 MV/cm. It results from a big population difference between the J = 5 and J = 6 states, as well as the J=6 and J=7 states. In Fig. 6(a) , when N≥4, the variations of | cosθ | max with the peak intensity are very dramatic. When N = 20, for instance, | cosθ | max increases from 0.1323 to 0.8977 when the peak intensity varies from E 0 = 0.1 to 1.1 MV/cm, then oscillates irregularly with the increase of peak intensity. The corresponding population distributions are shown in Fig. 6(b) . Higher rotational states are populated by increasing the peak intensity, but the population difference of neighboring states enlarges at the same time. Accordingly, | cosθ | max decreases when E 0 > 1.1 MV/cm. In the above calculations, we consider the orientation dynamics of the CO molecule at temperature T=0 K. In an actual experiment, however, the molecular ensemble is at finite temperature and more rotational states can be populated incoherently according to the temperature-dependent Boltzmann distribution. We take N =14 and E 0 =1.8 MV/cm for example to study the effect of temperature on the maximum orientation degree. Fig. 7(a) shows the initial population distributions on the relevant rotational states at T =0, 10, 20, 30 and 40 K. The initial rotational population distributions varies with temperature, and higher rotational states are populated when temperature rises. The maximal orientation degree at T = 0 K is | cosθ | max = 0.9188 which is much larger than 0.7338 at T = 10 K, 0.6055 at T = 20 K, 0.5154 at T = 30 K and 0.4454 at T = 40 K. Although the efficiency of orientation decreases with the increase of temperature, a larger orientation degree, | cosθ | max = 0.5154, is achieved at T = 30 K. In many practical applications, such as the photoelectric effect and the electronically detecting process, one expects not only a high molecular orientation degree, but also a long duration time. The duration time of molecular orientation ∆t is defined as the effective duration time that orientation degree ≥ 0.5. As shown in Fig. 7(b) , the duration time of molecular orientation at T = 0, 10, 20 and 30 K are ∆t = 0.759, 0.432, 0.297 and 0.117 ps in order. The relative duration time of molecular orientation at T = 0, 10, 20 and 30 K are ∆t/ T rot = 8.78%, 5%, 3.44% and 1.35%, respectively.
Conclusions
We have investigated theoretically the molecular orientation steered by a single-cycle THz pulse train. We discuss the influence of pulse number and electric-field peak intensity on the field-free molecular orientation and find that the molecular orientation is closely associated with rotational population distribution. In the range of electric-field peak intensity E 0 = [0.1,1.2] MV/cm, when the pulse number increases from N = 1 to 20, more rotational states are excited, and the molecular orientation degree increases. When E 0 >1.2 MV/cm, we can find an optimal pulse number to obtain the maximal orientation degree. By using the optimal pulse number, when the populations on neighboring rotational states are nearly equal, the molecular orientation degree takes its extreme value. When E 0 =10.1 MV/cm, | cosθ | max oscillates irregularly with the increase of pulse number. The maximum orientation degree calculated is | cosθ | max = 0.9246. The optimal pulse number decreases with the increase of electric-field peak intensity. The optimal pulse numbers for E 0 = 1.3, 2.1 and 10.1 MV/cm are 19, 12 and 3, respectively. The temperature has drastic effect on molecular orientation. The molecular orientation degree decreases with the increase of temperature. The maximal field-free molecular orientation at T = 0, 10, 20 and 30 K for N = 14 and E 0 = 1.8 MV/cm are | cosθ | max = 0.9188, 0.7338, 0.6055 and 0.5154, respectively. The effective duration time of molecular orientation at T = 0, 10, 20 and 30 K are ∆t = 0.759, 0.432, 0.297 and 0.117 ps in order. A high degree of molecular orientation and a long duration time can be realized by applying this scheme.
